An agaran-type polysaccharide, GFP08, isolated from Grateloupia filicina (C. Agardh) Lamouroux, was mainly composed of 1,3-linked β-D-galactose partially sulfated at position O-2 and 1,4-linked α-L-galactose O-2, O-3-disulfate, α-L-galactose O-6-sulfate and 3,6-anhydro-α-L-galactose. Small quantities of xylose, 4,6-O-(1′-carboxyethylidene) and 6-O-methyl-β-D-galactose were also present. In mice bearing sarcoma-180 cells, GFP08 decreased tumor weight in a dosedependent manner. The antiangiogenic activity of GFP08 was evaluated using the chicken chorioallantoic membrane assay, and the results showed that GFP08 dose-dependently reduced new vessel formation. Meanwhile, GFP08 inhibited the differentiation of human umbilical vein endothelial cells (HUVECs) into capillary-like structures in vitro and reduced the number of migrated cells. However, there was no observed cytotoxicity of GFP08 toward HUVECs. Further study revealed that GFP08 decreased tissue factor (TF) expression without affecting the activities of matrix metalloproteinase-2 and -9. All those data indicated that GFP08 had an antitumor effect that might be associated in part with its antiangiogenic effect through down-regulating the expression of TF protein.
Introduction
Angiogenesis, the formation of new vessels from pre-existing microvascular networks, plays a crucial role in tumor progression (Folkman 1990; Hanahan and Folkman 1996) . It involves the degradation of extracellular matrix (ECM) proteins and activation, proliferation and migration of endothelial cells in a multistep process. Angiogenesis is mediated by a balance of various positive factors such as vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), matrix metalloproteinases (MMPs), tissue factor (TF) and negative factors such as tissue inhibitors of metalloproteinases and TF pathway inhibitor (Egeblad and Werb 2002; Bergers and Benjamin 2003) .
Sulfated polysaccharides from marine algae have diverse physiological activities including anticoagulant, antioxidant, antiviral and antitumor activities (Zhang et al. 2004; Dias et al. 2005; Pereira et al. 2005; Chattopadhyay et al. 2007 ). Grateloupia filicina is red seaweed of the family Halymeniaceae. In the last few years, the polysaccharides from several seaweeds of the genus Grateloupia, including G. indica, G. divaricata, G. urvilleana, G. stipitata and G. prolifera, have been isolated, and all were reported to be agarancarrageenan polysaccharides (Sen et al. 2002; Miller 2005) .
There is already a report that the sulfated polysaccharides from G. filicina exhibited anticoagulant activity (Athoukorala et al. 2008) . Recently, we reported on the structure and antiviral activity of a polysaccharide, GFP, from G. filicina, which showed potential anti-HIV-1 activity at micromolar concentrations (Wang et al. 2007 ). In the present study, GFP was further purified to obtain GFP08, a homogenous sulfated polysaccharide with an agaran-type backbone, which is the first reported agaran-type polysaccharide in G. filicina and it also differs from the galactans reported for other species of Grateloupia. This paper describes the isolation and structure of GFP08, together with its antiangiogenic activity and possible mechanisms.
Results

Purification process and isolation of GFP08
Anion-exchange chromatography on DEAE-Sepharose Fast Flow column separated the crude polysaccharides from G. filicina (GFP) into seven peaks, i.e. F1, F2, F3, F4, F5, F6 and F7. They were eluted from the column with 0, 0.2, 0.5, 0.8, 1.0, 1.5 and 2.0 M NaCl in 20 mM hydrogen/dihydrogen phosphate buffer ( pH 7.2), respectively ( Figure 1A ). F4 was further purified on a Sepharose CL-6B column to give a fraction, GFP08 (the yield was 6.67%), which showed a single and symmetrical peak on high-performance gel permeation chromatography (HPGPC; Figure 1B ). Thus, we deduced that GFP08 was a homogeneous polysaccharide.
Sugar composition analysis
The molecular weight, the component monosaccharide, sulfate and pyruvic acid content of GFP08 and its derivatives are given in Table I . Those results showed that GFP08 was a sulfated galactan containing small quantities of xylose and pyruvic acid. The ratio of D-galactose plus 6-methyl-D-galactose to L-galactose plus 3,6-anhydro-L-galactose was approximated to 1.0:1.0. After alkali treatment, the product designated as GFP08AT showed an increase in 3,6-anhydrogalactose (8.5 → 16.2 mol%), which indicated the presence of O-6-sulfate, and C-3 OH groups on the 1,4-linked galactose residues. Solvolytic desulfation of GFP08 removed most of the sulfate (74.4%), giving a yield of 62.5% GFP08DS. Although this method of desulfation led to a reduction in the molecular weight, the monosaccharide compositions of the original and desulfated products remained similar.
Linkage analysis GFP08 and GFP08DS were converted into triethylammonium salts and methylated. The carbohydrate composition of the permethylated products of GFP08 and GFP08DS were summarized in Table II . In comparison with GFP08DS, GFP08 contained large amounts of 6-Me-Gal, which could be ascribed to 1,4-linked galactose residues with sulfate groups at position O-2 and O-3. After desulfation, the content of 2,4,6-Tri-Me-Gal increased considerably, with the concomitant absence of 4,6-Di-Me-Gal indicating the presence of 1,3-linked galactose residues with sulfate groups at position O-2 in GFP08. The content of 2,3-Di-Me-Gal after desulfation was the same as that in GFP08; thus, it could be originated from 1,4-linked galactose residues sulfated at position O-6 due to incomplete desulfation and 1,4-linked 6-O-glycosyl-galactose residues. The presence of 2-Me-Gal was attributed to 1,3-linked 4,6-O-(1′-carboxyethylidene)-galactose units. The formation of 2,6-Di-Me-Gal could be ascribed either to 4-substituted, 1,3-linked galactose units or to 3-substituted, 1,4-linked galactose units. Gal was assigned to 2,3-disulfated, 6-substituted (sulfated or glycolylated), 1,4-linked galactose residues and 1,3-linked galactose 2,4-disulfate units that were 6-glycolylated and responsible for the increase in 1,3-linked galactose 6-glycolylated units after desulfation.
Infrared spectroscopy
Infrared spectroscopy of GFP08 ( Figure 2A ) showed a strong absorption at 1220-1260 cm −1 and a medium strong absorption at 1360-1370 cm −1 generally indicative of a sulfate ester, and a peak at 935 cm −1 indicative of 3,6-anhydrogalactose (Mollet et al. 1998) . The band at 842 cm −1 could be attributed to the equatorial 2-sulfate ester group, and it also included the signal of equatorial 3-sulfate in 4-linked galactose units (Rodríguez et al. 2005) . The presence of a shoulder close to 820 cm −1 was assigned to a 6-sulfate ester group. After alkali treatment, the absorption at 820 cm −1 became weak, indicating the presence of O-6-sulfate, and C-3 OH groups on the 1,4-linked galactose residues in GFP08 ( Figure 2B ). Infrared spectroscopy of GFP08DS ( Figure 2C ) showed weak absorptions at 1220-1260 GFP08 is the purified fraction 4 of the G. filicina polysaccharide GFP, GFP08DS is the desulfated derivative of GFP08 and GFP08AT is the alkali treated derivative. n.d., not determined. The absolute configuration of 3,6-anhydro-galactose was determined using 13 C nuclear magnetic resonance spectroscopy. indicated that most of the sulfate was removed except for minor quantities of sulfate groups at O-6.
13
C nuclear magnetic resonance spectroscopy In the spectrum of GFP08DS (Figure 3 ), four main anomeric signals were observed at 104.4, 103.0, 101.8 and 99.2 ppm, corresponding to the diads (Knutsen et al. 1994) , G (104.4 ppm) → L (101.8 ppm) and G (103.0 ppm) → LA (99.2 ppm) (Lahaye and Yaphe 1989) . If there are 4-linked D-galactose residues in GFP08, it would be expected to see the anomeric signals for 4-linked D-galactose and 3,6-anhydro-D-galactose at 96-97 and 94-95 ppm, respectively, in the spectrum of GFP08DS (Usov et al. 1980) . Since no signals appear at the region from 94 to 97 ppm in the spectrum of GFP08DS, it could be deduced that 4-linked D-galactose residues are absent in GFP08. The DEPT-135 spectrum of GFP08DS showed four signals indicative of a 6-substitution. The inverted signal at 72.7 ppm was assigned to C-6 of D6M (C-5 at 73.7 ppm, methyl group at 59.8 ppm), at 70.1 ppm to C-6 of LA, at 68.4 ppm to C-6 of L6S (Lahaye and Yaphe 1989) , at 66.2 ppm to C-6 of DP (the methyl and carboxyl groups of pyruvic acid acetal seen at 26.1 and 176.3 ppm, respectively, are not shown in Figure 4 ; Garegg et al. 1979) .
The signals in the anomeric region of GFP08 were similar to those of GFP08DS, but differed in their intensities. Those differences could be attributed to the sulfate at C-2 of 1,3-linked β-D-galactose and 1,4-linked α-L-galactose, which rendered the anomeric signals shift from 104.4 and 102.1 ppm to 102.1 and 99.2 ppm, respectively (Usov et al. 1997; Miller 2002) . In comparison with the spectrum of GFP08DS, the strong signals at 73.7-74.3 ppm were much stronger in the spectrum of GFP08, and mainly ascribed to C-2 and C-3 of L2S3S (Miller 2001) . The diad of D2S → L2S3S may exist, since a weak signal was present at 97.0 ppm corresponding to C-1 of L2S3S (Miller et al. 1996) . Another part of D2S was tentatively proposed to be linked to L6S. The detailed assignments of the signals in the spectra are summarized in Table III (GFP08DS) and Table IV (GFP08).
In vivo antitumor activity of GFP08
We measured the antitumor activity of GFP08 in male imprinting control region (ICR) mice inoculated with S-180 sarcoma cells. Daily i.v. administration of 25, 50 or 100 mg kg −1 GFP08, respectively, for 12 days resulted in tumor inhibition of 68.9% at the highest dose and 38.6% at the lowest dose (Table V) . The antitumor effect of desulfated polysaccharide GFP08DS was much weaker than GFP08, and the tumor inhibition was 47.6% at the highest dose (Supplementary data, Table S1 ).
GFP08 reduces neovascularization in a chorioallantoic membrane assay Since GFP08 showed antitumor activity, we were interested in the underlying mechanism. We investigated the antiangiogenic activity of GFP08 using the ex vivo chorioallantoic membrane (CAM) assay. As shown in Figure 4A , the control untreated CAM showed well-developed zones of neovascularization around the filter paper. In contrast, CAM neovascularization was significantly suppressed in eggs treated with GFP08 (2-50 μg egg
−1
). Suramin (7.2 μg egg −1 ) was used as a positive control which is known to antagonize the bFGF-induced angiogenesis. The inhibitions of angiogenesis of GFP08 and Table S2 ).
GFP08 inhibits tube formation
Capillary formation is the critical step of angiogenesis; thus, we investigated whether GFP08 could block the formation of tubes in Matrigel in vitro. Human umbilical vein endothelial Fig. 3 . The 13 C DEPT (DEPT135, distortionless enhancement by polarization transfer) spectra were measured with Bruker AM-400 spectrometer at 70-80°C. Chemical shifts are expressed in ppm using acetone as the internal standard at 31.50 ppm where the upper line is GFP08 and the lower line is its desulfated derivative GFP08DS. Table III . Assignments of chemical shifts in the DEPT-135 spectrum of GFP08DS Only several characteristic signals of these units were indicated due to their low contents and the ambiguous spectrum. cell (HUVEC) formed a mesh of tubes within 8 h in the control group ( Figure 5A ). However, this was not the case in those treated with GFP08. HUVEC treated with GFP08 at concentrations of 10, 50 and 100 mg L −1
, respectively, differentiated into shorter tubes which did not form meshes ( Figure 5B -D).
GFP08 inhibits HUVEC migration
As endothelial cell migration is critical for the process of angiogenesis, we studied the effect of GFP08 on HUVEC migration in vitro. The results showed that a large number of HUVECs migrated from the upper-to-lower membrane under the stimulation of M199 culture medium supplemented with 20% fetal bovine serum (FBS; Figure 6B ). Further, we can see that GFP (100 mg L −1 ) and suramine (10 μM) both decreased 20% FBS-induced HUVEC migration ( Figure 6C and D). The statistical results showed that HUVEC migration was blocked by GFP08 with the inhibitory ratio was 28.6 ± 18.9%, while the cell migration was 50.9 ± 8.3% inhibited by suramin ( Figure 6E ).
The effects of GFP08 on cell growth and proliferation Next, we observed whether GFP08-induced inhibition of tube formation and migration was due to its cytotoxicity. Figure 7A showed that GFP08 did not show any cytotoxicity on HUVEC at all the tested concentrations. Angiogenesis is usually triggered by increased levels of proangiogenic growth factors, including EGF, bFGF and VEGF. Thus, we investigated the effects of GFP08 on HUVEC growth and proliferation induced by those growth factors. GFP08 did not inhibit HUVEC proliferation induced by EGF, bFGF and VEGF, but even enhanced the proliferation slightly ( Figure 7B ).
GFP08 down-regulates TF expression with no effect on MMP-2 and MMP-9 activities MMPs, specifically the gelatinases MMP-2 and MMP-9, play a role in angiogenesis owing to their ability to degrade components of basement membrane such as type IV collagen and fibronectin (Stetler- Stevenson 1999) . The gelatin zymography test showed that GFP08 did not change the enzymatic activities of MMP-2 and MMP-9 ( Figure 8A ). We then tested whether GFP08 affected the expression of another cytokine, TF, which has been associated with angiogenesis in endothelial cells. Western blot analysis revealed that GFP08 treatment decreased TF protein expression in HUVEC ( Figure 8B , Supplementary data, Figure S1 ).
Discussion
Grateloupia filicina is edible red seaweed used by people in the Pacific, Indian and warmer parts of the Atlantic oceans. In China, it widely distributes in inshore areas of Liaoning, Shandong and Fujian Provinces and has been used as traditional Chinese medicine for resolving hard lump and clearing heat and toxins. Our previous study demonstrated that the sulfated polysaccharides of G. filicina exhibited potential anticoagulant and antiviral activities with no obvious toxicity (Wang et al. 2007 ). Thus, it could have potential application in medicine.
In the present study, we reported the isolation and purification of a homogenous galactan GFP08 from G. filicina (GFP) and its detailed structure. The results of chemical and spectroscopic analysis consistently indicated that GFP08 was a sulfated agaran, mainly composed of 1,3-linked β-D-galactose that was partially sulfated at position O-2 and 1,4-linked α-L-galactose 2,3-disulfate, α-L-galactose 6-sulfate and 3,6-anhydro-α-Lgalactose. GFP08 is agaran backbone, which differs from those reported studies about other galactans from the genus Grateloupia, in that the latter all contain agaran-carrageenan backbones. We found that some other polysaccharides from G. filicina also showed agaran-carrageenan backbones (Yan et al. 2008 ). Such differences may be due in part to polysaccharide purity or the natural diversity among Grateloupia spp.
Here, we reported for the first time that GFP08 showed distinct antitumor activity in vivo. In mice bearing sarcroma-180 cells, intravenous administration of GFP08 (100 mg kg −1 ) decreased tumor weight by 68.9% (Table V) , whereas the ).
Polysaccharide GFP08 inhibits angiogenesis antitumor effect of GFP08DS, which was the desulfated polysaccharide of GFP08, was much weaker than GFP08. The results indicate that the antitumor effect of GFP08 is related to the sulfate group in the polysaccharide. In cancer, new vessel formation contributes to the progressive growth and metastasis of solid tumors (Liotta et al. 1991) , making antiangiogenesis an important strategy in cancer therapeutics. The previous study in our lab found that the sulfated galactans (GLP), isolated from G. longifolia, demonstrated antitumor effects which were associated with antiangiogenesis (Zhang et al. 2006) . To study its antitumor mechanism, GFP08 was investigated in vivo using the CAM assay, which is a conventional and reproducible test model for antiangiogenic efficacy evaluation ( Figure 5 , Supplementary data, Table S2 ). The results showed that GFP08 had potential antiangiogenic activity. Further, the results showed that GFP08 significantly inhibited HUVEC tube formation and migration ( Figures 5 and 6 ), but had no direct cytotoxicity on HUVECs ( Figure 7A ). All those results demonstrated that the antitumor effect of GFP08 was related to its antiangiogenic activity. Since the proangiogenic factors such as EGF, bFGF and VEGF are essential for triggering angiogenesis (Bergers and Benjamin 2003) , we further studied the inhibition of GFP08 on HUVEC proliferation induced by EGF, bFGF and VEGF. However, the data showed that GFP08 did not inhibit the HUVEC proliferation and even enhanced it slightly ( Figure 7B ). The results indicate that growth factors (EGF, bFGF, VEGF etc.) may not be the effective targets of GFP08.
It has been recognized that the migration of proliferated endothelial cells requires a regulated degradation of the basement membrane and surrounding ECM. MMPs are wellknown ECM-degrading proteinases, of which MMP-2 and MMP-9 both play a crucial role in angiogenesis owing to their ability to degrade components of basement membrane ). After 4 h, pictures were taken under an inverted microscope at ×100 magnification. (E) In five random fields, tubes in enclosed networks were counted. The means of two independent experiments are presented, and error bars indicate the standard deviation. **P < 0.01 and ***P < 0.001 GFP08 vs control. )] × 100%. The means of two independent experiments are presented, and error bars indicate the standard deviation. **P < 0.01 and ***P < 0.001, GFP08 and suramin group vs stimulated group.
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such as Type IV collagen and fibronectin (Stetler-Stevenson 1999) . However, GFP08 did not affect the activities of MMP-2 and MMP-9 ( Figure 8A ), which indicated that MMP-2 and MMP-9 might not be involved in the antiangiogenic effect of GFP08.
TF, also known as coagulation factor III (FIII), F3 and CD142, is a transmembrane glycoprotein present in subendothelial tissue, platelets and leukocytes. The primary function of TF is as the high-affinity receptor for the coagulation FVII, the binding of TF with FVIIa will lead to the activation of clotting cascade (Kasthuri et al. 2009 ). Recently, TF was reported to be involved in regulating angiogenesis and has become a new therapeutic target for cancer (Fernandez and Rickles 2002; Kasthuri et al. 2009) . A study in mice using a cytoplasmic domain-deleted TF construct revealed that TF/FVIIa complex promoted tumor developmental angiogenesis through protease-activated receptor-2 signaling, which is independent of FXa and other downstream proteases (Belting et al. 2004 ). In our study, we found that GFP08 significantly downregulated the protein expression levels of TF in HUVEC, implying that TF was involved in regulating GFP08-induced antiangiogenesis.
In conclusion, the present study isolated GFP08, a homogenous sulfated polysaccharide with an agaran-type backbone, from G. filicina (GFP) for the first time. Furthermore, the results demonstrated its antiangiogenic activity, which seemed to be associated with the down-regulation of TF.
Materials and methods
Extraction and purification Samples of G. filicina were collected and treated as reported previously (Wang et al. 2007 ). Briefly, the seaweed was extracted twice with hot water (80-90°C for 1 h), adjusted the solution to pH 6.0 with glacial acetic acid, followed by the addition of 95% EtOH. The precipitate was collected by centrifuging followed by dialysis and lyophilization to give the crude polysaccharide (GFP). GFP was then applied to a DEAE-Sepharose Fast Flow column (5.0 × 50 cm) equilibrated with 20 mM hydrogen/dihydrogen phosphate buffer ( pH 7.2). The column was eluted sequentially with 0, 0.2, 0.5, 0.8, 1.0, 1.5 and 2.0 M NaCl in the same buffer solution. The eluate was pooled according to detection by phenolsulfuric acid analysis. The fraction obtained from 0.8 M NaCl elution was further purified on a Sepharose CL-6B column (2.6 × 100 cm) using deionized water as the eluant to give a homogenous polysaccharide, designated as GFP08.
Homogeneity and molecular weight
The homogeneity and molecular weights of the polysaccharides were determined using the HPGPC method as described (Wei and Fang 1989) , which was performed on an Agilent 1100 module consisting of a differential refractometer (RI) equipped with a serially linked combination of Shodex KS-805 and KS-804 columns (300 × 8 mm). The exclusion MW of Shodex KS-804 column is 4 × 10 5 , and the exclusion MW of Shodex KS-805 column is 5 × 10 6 . The MW of GFP08 is 8.5 × 10 4 , and thus its peak has been retained in the column. NaCl solution (0.2 M, in the case of molecular ### P < 0.001, EGF, bFGF or VEGF vs control, and *P < 0.05 and **P < 0.01, GFP08 vs EGF, bFGF or VEGF. GFP08 for 12, 24 and 48 h, supernatants from HUVEC culture medium were subjected to Gelatin Zymography analysis. Results represent one of at least three independent experiments. (B) HUVECs were treated with or without 100 mg L −1 GFP08 for 12, 24 and 48 h, TF protein expression was detected by western blot as described in Material and methods. The western blot figure represents one of at least three independent experiments.
Polysaccharide GFP08 inhibits angiogenesis weight determination) or water (for homogeneity determination) was used as both solvent and eluant, with a flow rate maintained at 0.8 mL min −1
. The molecular weight was calibrated by comparison with standard dextrans (788, 404, 212, 11.8 and 5.9 kDa) . Data were processed by GPC software (Agilent, Palo Alto, CA).
Analytical methods
The sulfate content was determined with the turbidimetric method of Dodgson and Price (1962) , and the pyruvic acid content with the 2,4-dinitrophenylhydrazine colorimetric method of Koepsell and Sharpe (1952) . The ratio of D-and L-galactose was estimated using double hydrolysis-reductive amination with chiral 1-amino-2-propanol, followed by acetylation and gas chromatography (GC) analysis (Navarro and Stortz 2003) . The analysis of monosaccharide composition and the methylation products were carried out by reductive hydrolysis (Stevenson and Furneaux 1991) followed by GC and GC-MS (mass spectrometry). GC analyses were carried out on a Finnigan Trace GC 2000 equipped with a flame-ionization detector, using a TRB-5MS column (30 m × 0.25 mm). Nitrogen was used as the carrier gas at a flow rate of 1.2 mL min −1
. GC-MS analysis was performed on Finnigan Trace GC 2000 equipped with Finnigan DSQ mass spectrometer, using the same column with Helium gas as the carrier at 1 mL min
Alkali treatment GFP08 (100 mg) was dissolved in H 2 O (10 mL), to which a further 10 mL of an aqueous solution containing 800 mg of NaBH 4 and 80 mg of NaOH was added. The solution was heated at 100°C for 3.5 h, neutralized with AcOH, dialyzed and lyophilized to give GFP08AT (85 mg) (Falshaw and Furneaux 1994) . Desulfation GFP08 (192 mg) was converted into its pyridinium salt, and then treated with dimethyl sulfoxide-methanol-pyridine (89:10:1) at 100°C for 4 h to afford GFP08DS (120 mg) (Nagasawa et al. 1977) .
Methylation GFP08 and GFP08DS were converted into their corresponding triethylammonium salts as described (Wang et al. 2007 ). The triethylammonium salt of GFP08DS was methylated according to the method of Ciucanu and Kerek (1984) . The procedure was repeated twice to ensure permethylation for GFP08DS. The triethylammonium salt of GFP08 was methylated by a modified method (Ciucanu and Kerek 1984) . In order to achieve solubilization, 25 mg of GFP08 salt was dissolved in Me 2 SO (10 mL) containing 7% LiCl (Petrus et al. 1995) and stirred at 80°C for 1 h. Finely powdered NaOH (100 mg) was then added followed by the method of Ciucanu and Kerek (1984) . The methylation was repeated (four times) until a constant pattern of methylation was achieved. ). The 13 C and 13 C DEPT-135 spectra were measured with Bruker AM-400 spectrometer at 70-80°C. Chemical shifts are expressed in ppm using acetone as the internal standard at 31.50 ppm.
Spectroscopic methods
In vivo antitumor activity of GFP Six-week-old specific pathogen-free male ICR mice were subcutaneously inoculated into the right armpit with S-180 sarcoma cells (1.0-3.0 × 10 6 cell mouse −1 ). After 24 h, daily treatments with GFP08 (test group, 25, 50 or 100 mg kg 
Chorioallantoic membrane assay
The activities of the polysaccharides to inhibit angiogenesis were determined by a CAM assay (Tanaka et al. 1986 ). Fertilized chicken eggs were incubated in a humidified (40-60%) incubator at 38.5°C for 5 days. On the 6th day, a small orifice was made on the broad side of the egg and a window was carefully created through the egg shell. Squares of filter paper (5 mm × 5 mm) were soaked with 5 μL of NS containing 2-50 μg of polysaccharide and implanted on the CAM. Suramin (7.2 μg egg −1 ) was used as a positive control. The windows were sealed with an adhesive tape and the eggs were incubated for another 48 h. During the incubation, eggs were screened for viability and the non-viable eggs were discarded. Initially, more than 12 eggs were tested for each group to ensure that at least 10 viable embryos were assessed. The windows were opened on the 8th day, and the zone around the filter paper was examined and photographed using a digital camera.
Cell culture
HUVECs were isolated from human umbilical cord veins by 0.1% type-I collagenase digestion at 37°C for 15 min and their identity confirmed by immunofluorescence using the anti-von Willebrand factor antibody. HUVECs at passages 4-8 were maintained in M199 culture medium containing 20% FBS, 30 μg mL −1 endothelial cell growth supplement, 10 ng mL −1 EGF and 100 μg mL −1 heparin. All cells were cultured in a highly humidified atmosphere of 5% CO 2 at 37°C. Q Yu et al. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay The growth inhibition effect of GFP08 on HUVEC was examined with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly after various pretreatments, cells were incubated with 500 μg mL −1 MTT for 4 h. The functional mitochondrial succinate dehydrogenases in survival cells can convert MTT to formazan that generates a blue color. At last, the formazan was dissolved in 10% sodium dodecyl sulfate (SDS)-5% iso-butanol-0.01 M HCl. The optical density was measured at 570 nm with 630 nm as a reference, and the cell viability was normalized as a percentage of control.
For the assay of cell proliferation stimulated by EGF, bFGF and VEGF, HUVEC, cells (5 × 10 3 cells well −1 ) were seeded to 96-well plates in M199 (with 1% FBS). After attachment overnight, the cells were preincubated with different concentrations of GFP08 for 1 h before the addition of 10 ng mL −1 EGF, bFGF or VEGF. The number of cells was counted by the MTT assay after incubation for 48 h. Inhibition of cell proliferation was calculated as a percentage of control.
Tube formation assay
The tube formation assay was employed to investigate the effect of GFP08 on angiogenesis in vitro. A 96-well plate was coated with 30 μL of liquid Matrigel per well, which was allowed to solidify at 37°C for 45 min. HUVECs were seeded at a density of 3 × 10 4 cells well −1 in 100-μL complete culture medium containing different concentrations of GFP08 (10, 50 and 100 mg L −1 ) or vehicle (control). Plates were incubated for 4 h at 37°C with 5% CO 2 (sufficient for the formation of an intact network in the control group). Images were recorded by an inverted phase-contrast microscope, and tube-forming intact networks were counted.
Cell migration assay
The migration ability of HUVEC was tested in a Millicell (Millipore, Billerica, MA) using a polycarbonate filter (8 μm pores) and 0.1% gelatin in the upper chamber. In the standard assay, 100 μL of cell suspension (5 × 10 4 cells well
) in serum-free culture medium (vehicle) with GFP08 or vehicle (control) was added to the upper chamber, whereas the lower chamber contained 400-μL culture medium with 20% FBS or vehicle. The content of the apparatus was incubated for 5 h at 37°C, and then the upper chambers were disassembled and fixed with 4% paraformaldehyde. The membranes were stained with 0.1% crystal violet for 15 min. Cells remaining on the upper surface of the filter membrane (non-migrant) were scraped off gently with a cotton swab. The cells that had migrated onto the filter were counted manually by examination under the microscope.
Gelatin zymography
The enzymatic activities of MMP-2 and MMP-9 were assayed using gelatin zymography in the absence of serum. Supernatants from GFP08-treated cultures were electrophoresed on a 10% SDS-polyacrylamide gel electrophoresis (PAGE) containing gelatin. The gel was washed twice with renaturing buffer [2.7% (w/v) Triton X-100], followed by a brief rinsing in developing buffer [50 mM Tris base, 40 mM HCl, 200 mM NaCl, 5 mM CaCl 2 , 0.02% (w/v) Brij 35] and then incubated with developing buffer at 37°C. After incubation, the gel was stained with 0.25% Coomassie Brilliant Blue R250 (Sigma Chemical Co., St Louis, MO) and then destained. MMP activity was represented by a clear zone of gelatin digestion.
Western blot analysis
After treatment with 100 mg L −1 GFP08 for 0, 12, 24 and 48 h, cells were lysed in lysis buffer containing 50 mM Tris ( pH 7.5), 1 mM ethylenediaminetetraacetic acid, 150 mM NaCl, 20 mM NaF, 0.5% NP-40, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 μg mL −1 aprotinin, 10 μg mL −1 leupeptin and 10 μg mL −1 pepstatin A. Protein concentrations were assayed and normalized to equal protein concentration. Proteins were separated by SDS-PAGE and blots were probed with TF and β-actin antibodies, and further peroxidaseconjugated goat anti-Rabbit IgG (H + L). For repeated immunoblotting, membranes were stripped in 62.5 mM Tris ( pH 6.7), 20% SDS and 0.1 M 2-mercaptoethanol for 30 min at 50°C.
Statistical analysis
The results were expressed as the mean ± SD. Differences between groups were assessed by one-way ANOVA with the least significance difference post hoc test. The analyses were carried out using the SPSS 11.5 software package for Windows. P < 0.05 was considered as a statistically significant.
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